ZNF804A is one of the strongest candidate genes for schizophrenia (SZ), yet its function and role in disease pathophysiology are largely unknown. The only in vivo endophenotype study of the SZ-associated SNP (rs1344706) pointed towards effects on brain functional connectivity. We examined the relationship of this SNP to neuroanatomical and neurocognitive phenotypes that were assessed in healthy individuals. Volunteers with no history of psychiatric illness were assessed with structural magnetic resonance imaging (1.5T GE scanner, standard gradient-echo acquisition). Carriers of the minor allele were compared with homozygotes for the T (SZ-associated) allele on measures of total volume of the white matter (WM), gray matter (GM), and cerebrospinal fluid compartments, as well as on voxel-wise measurements of regional brain volumes. After examining the correlation between genotype-associated regions of interest and neurocognitive performance measures, the effects of rs1344706 genotype on a measure of visuomotor performance speed (trails A) were examined in an independent cohort of volunteers. Among healthy subjects, risk allele homozygotes showed larger total WM volumes than carriers of the other allele. Controlling for WM volumes, these same subjects showed reduced GM volumes in several regions comprising the 'default mode network,' including angular gyrus, parahippocampal gyrus, posterior cingulate, and medial orbitofrontal gyrus/gyrus rectus (FDR-corrected po0.05). The risk allele dosage also predicted impairments on a timed visuomotor performance task (trails A). Results support a role of ZNF804A in phenotypes reflecting altered neural connectivity.
INTRODUCTION
Although schizophrenia (SZ) has consistently showed high heritability and elevated sibling recurrence (Sullivan et al, 2003) , the identification of susceptibility genes for SZ has proven extremely challenging. However, a recent genomewide association study (GWAS) identified a novel SNP in ZNF804A (rs1344706) as a risk factor for SZ (O'Donovan et al, 2008) . In the original report, the association was replicated by pooling multiple cohorts from around the world using meta-analysis. Although many of the individual cohorts yielded statistically non-significant results, the pooled analysis confirmed that the major allele (T on the negative strand) was associated with increased risk for SZ. Similar results were obtained in a second GWAS of several independent cohorts from Europe (International Schizophrenia Consortium, 2009) , and a combined analysis of B60 000 individuals confirmed significant (p ¼ 4.1 Â 10 À13 ) association with SZ and bipolar disorder (Williams et al, 2010) .
There is a paucity of data on the function of ZNF804A, a moderately large (341 kb) gene located on chromosome 2q32.1. In humans, ZNF804A is expressed broadly throughout the brain, especially in the developing hippocampus and the cortex, as well as in the adult cerebellum (Johnson et al, 2009) . The functional effects of the risk variant rs1344706, an intronic SNP near the 3 0 end of the gene, are also poorly understood. To date, only one laboratory has examined the effects of variation of rs1344706 on any in vivo phenotypes other than DSM-IV-defined psychiatric diagnosis. In two functional magnetic resonance imaging (fMRI) studies of healthy volunteers, allelic variation at this SNP was associated with abnormal patterns of neural connectivity across multiple brain areas (Esslinger et al, 2009; Walter et al, 2010) , and reduced activation in frontal, temporal/ parietal, and cingulate regions (Walter et al, 2010) . Volumetric measures of neuroanatomy were not reported, and the authors suggested that future studies should focus on the effects of rs1344706 variation on measures of brain WM. To date, no studies have investigated effects on performance of standard neurocognitive tests.
Therefore, to further functionally characterize this SNP, we tested the association of rs1344706 with brain structure and neurocognitive performance in healthy individuals. Because biological phenotypes (eg, brain structure and function) are thought to more closely reflect the effects of genetic variation as compared with manifest psychiatric illness, endophenotype studies have proven to be more robust and require vastly smaller sample sizes than purely diagnosis-based studies (Glahn et al, 2007) . After first confirming that our allelic frequencies are consistent with the data from previous GWAS, we used structural MRI to determine whether neuroanatomical phenotypes correlate with rs1344706 genotype in healthy individuals. On the basis of the limited previous evidence suggesting widespread expression of ZNF804A in brain and a possible role for rs1344706 in neural dysconnectivity, we predicted widespread effects of allelic variation in cerebral WM and GM. Consequently, we used a multi-stage analytical strategy: first, we examined the total segmented cerebral volumes to test global effects of rs1344706 alleles; next, we used voxel-wise mapping to test the regional anatomical effects of genotype. We then used results of the neuroanatomical study to guide the examination of cognitive correlates of rs1344706 in an independent cohort of healthy individuals.
PARTICIPANTS AND METHODS

Participants
Participants were healthy individuals who agreed to participate in neuroimaging (n ¼ 39; 19 male/20 female; mean age ¼ 34.4 ± 11.9, range: 18-57) and/or neurocognitive (n ¼ 169; 69 male/100 female; mean age ¼ 40.8±13.6, range: 17-65) studies. All subjects also participated as healthy controls in a larger GWAS study of SZ (for additional details, see Supplementary file). Healthy volunteers were recruited from the general population of Queens and Nassau counties on Long Island via word of mouth, newspaper, and internet advertisements, and posted flyers. All participants provided written informed consent to a protocol approved by the Institutional Review Board of the North ShoreFLong Island Jewish Health System. Subjects were administered the Structured Clinical Interview for DSM-IV, non-patient version (First et al, 1995) . Subjects were excluded if they had a DSM-IV Axis I diagnosis, active or recent substance abuse, or if they had a first degree relative with a known or suspected Axis I disorder, on the basis of family history questionnaire. All potential subjects were screened to rule out history of CNS trauma, neurological disorder, or previously diagnosed learning disability. All subjects were self-reported Caucasians (additional details on ethnicity and tests of population stratification provided in Supplementary file).
DNA Procedures
Genomic DNA was extracted from whole-blood samples and processed in accordance with the NSLIJHS Institutional Review Board approved Standard Operating Procedures of the Zucker Hillside Hospital DNA Data Bank. Genotyping of rs1344706 was performed as part of a microarray GWAS study (Lencz et al, 2007 ; Supplementary file). Genotype calls were made using Bayesian Robust Linear Model with Mahalanobis distance classifier algorithm threshold at 0.5 applied to batches of 100 samples. Overall call rate for rs1344706 was 99.1%.
Brain Imaging Acquisition
MR imaging exams were conducted at the Long Island Jewish Medical Center in the coronal plane using a 3D Fast SPGR with IR Prep (TR ¼ 12.7 or 14.7, TE ¼ 4.5 or 5.5 ms, FOV ¼ 22 cm) on a 1.5 T whole-body superconducting imaging system (General Electric, Milwaukee, WI). This sequence produced 124 contiguous images (slice thickness ¼ 1.5 mm) of the whole head with nominal in-plane resolution of 0.86 mm Â 0.86 mm in a 256 Â 256 matrix. Because of one change in software and one change in hardware during the course of the study, scanner platform was added as a three-level factor to all analyses. G-allele carriers were collapsed into a single group (n ¼ 21) to provide a more robust sample size for comparisons with T-allele homozygotes (n ¼ 18). This grouping was necessary to obtain sufficient power to detect effect sizes of o1 SD, which is approximately the effect size we have observed in a previous imaging genomics study of BDNF (Szeszko et al, 2005) . The present study had 70-80% power to detect Cohen's d of 0.8-0.9. In addition, follow-up analyses were performed in which each of the three genotype groups were entered separately, to confirm that the two-group results accurately reflected the main effects of rs1344706. Genotype groups were scanned evenly across the three platforms (w 2 (2) ¼ 2.57, p ¼ 0.28), as were the two sexes (w
Axial proton density and T2-weighted images were also obtained to exclude visually detectable structural abnormalities on MR imaging scans.
Brain Imaging Analysis
Image analysis was performed on a Linux workstation using MATLAB 6.5.1 and SPM5 software (Wellcome Department of Cognitive Neurology, London), with default settings (Rosario et al, 2008) . MR images for each subject were spatially normalized from native space to the MNI 152-image template, using a 12-parameter affine transformation with 16 non-linear iterations and a 25 mm non-linear basis function cutoff. Normalized images were then segmented using signal intensity and previous probability information. Intensity modulation was performed on the normalized, segmented MR images by increasing or reducing the voxel intensity depending on whether the surrounding voxels were compressed or expanded in the normalization process (Good et al, 2001) . Estimates of total brain size and of brain tissue compartments for whole-brain comparisons were obtained automatically from the segmented volumes. Total volumes across genotype groups were compared using MANCOVA, with the total GM, WM, and cerebrospinal volumes entered as dependent measures. Age was entered as a covariate, with sex and scanner platform entered as nuisance factors.
Following whole-brain analysis, the normalized, segmented images were then smoothed with a 12 mm isotropic Gaussian before performing voxel-wise group comparisons. Group comparisons were performed using ANCOVA in SPM5, with genotype group as a fixed factor. Sex and age were also included in the model. Total intracranial volume was included as an additional covariate for analyses of segmented WM volumes, and the total WM volume was included as a covariate for analyses of segmented GM volumes. The threshold for statistical significance was set to an FDR-corrected po0.05, which has been shown to conservatively protect against Type 1 error (Meyer-Lindenberg et al, 2008), with an additional requirement of a minimum of 100 contiguous above-threshold voxels in a region.
Neurocognitive Testing
Subjects were administered a brief battery designed to rapidly (o1 h) obtain measurements across the major domains of neurocognitive function (Burdick et al, 2006) . The battery included the following measures: estimated global intellectual functioning (WRAT-3); timed visuomotor performance (trail making test, parts A and B); visual attention (continuous performance testFidentical Pairs version); verbal working memory (WAIS-R Digit Span); and verbal learning (California verbal learning test) and fluency (controlled oral word association test).
Statistical Plan
Brain imaging data analysis is described above and consists of two main tests in healthy subjects: (1) genotype effects (T-allele homozygotes vs G-allele carriers) on whole-brain volumes were tested in MANCOVA with GM volumes, WM volumes, and cerebrospinal fluid volumes entered as dependent measures, and age, sex, and scanner platform entered as covariates; (2) genotype effects on regional volumes at each voxel were tested using ANCOVA, controlling for age, sex, scanner platform, and total intracranial (for regional tests of WM) and WM volumes (for regional tests of GM). In the subset of subjects with both MRI and neurocognitive data (n ¼ 31), non-parametric correlational tests (Spearman's rho) were used to identify the cognitive correlates of brain imaging regions of interest associated with rs1344706. Effects of rs1344706 on cognitive measures thus identified were then tested using linear regression, with age as a covariate in the remaining, independent cohort of subjects with neurocognitive data.
RESULTS rs1344706 Allele Frequencies
Allele frequencies almost precisely matched those in the original GWAS sample and in the CEU HapMap sample.
Specifically, overall T-allele frequency in the present study was 59.3% in controls; T-allele frequency was 59% among 2937 Caucasian controls in the original GWAS discovery sample and is 57% in the HapMap CEU cohort.
Association with Structural MRI Volumes in Healthy Subjects
Total WM, GM, and cerebrospinal fluid volumes were entered into a MANCOVA, with age, sex, and scanner parameters as covariates. The multivariate analysis showed a significant effect of rs1344706 on the brain volume measures (F3, 25 ¼ 6.76, p ¼ 0.002). Consistent with the dysconnectivity hypothesis, univariate tests of between-subjects effects showed that the effect of rs1344706 genotype on total brain volumes was specific to WM. Specifically, T-allele homozygotes showed large total WM volumes (F1, 27 ¼ 4.61, p ¼ 0.041, partial eta 2 ¼ 0.146) compared with non-homozygotes. Genotype groups did not significantly differ in total GM (F1, 27 ¼ 0.13, p ¼ 0.722) or cerebrospinal fluid volumes (F1, 27 ¼ 1.15, p ¼ 0.294; Figure 1 ). Results did not substantially change when each of the three genotype groups was examined separately. As shown in Figure 2 , the T-allele homozygotes differed in WM volume from both G-allele homozygotes and heterozygotes, which were nearly identical in volume. Genotype effects on GM and cerebrospinal fluid volumes remained non-significant. T homozygote G/T heterozygote Figure 2 Covariate-corrected, segmented volumes for WM in healthy subjects divided by rs1344706 genotype (G-allele homozygotes, n ¼ 7; G/T heterozygotes, n ¼ 14; T-allele homozygotes, n ¼ 18). Error bars represent twice the SE of the mean.
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In voxel-wise analysis using SPM5, the effect of genotype on WM volume was distributed evenly across the entire WM compartment as a single region (data not shown). The fact that total GM volumes did not differ between genotype groups, despite significantly larger WM volumes, suggested the possibility of regionally localized GM deficits in T-allele homozygotes. Therefore, we tested genotypic effects on regional GM volumes, controlling for the total WM volume (and the aforementioned covariates). On applying a strict threshold for statistical significance, which has been shown to conservatively control the Type 1 error (FDR-corrected po0.05; Meyer-Lindenberg et al, 2008), we observed nine regions (minimum extent ¼ 100 voxels) that were significantly smaller in subjects who were homozygous for the risk (T) allele compared with non-risk (G) allele carriers (Table 1; Figure 3 ). These regions included multiple components of the 'default mode network' (Raichle et al, 2001) , including parahippocampal gyrus, posterior cingulate, ventromedial prefrontal cortex, and lateral parietal cortex (angular gyrus). No regions were significantly (FDR-corrected po0.05) larger in T-allele homozygotes compared with G-allele carriers.
Brain Structure-Function Relationships
Standardized residual values from the peak voxel of each of the nine regions listed in Table 1 were averaged, yielding a single measure of rs1344706-associated GM for each subject. Correlations between this composite score and the dependent measures from the neurocognitive battery were examined using Spearman's rho. Nominally significant correlations were obtained for trails A (r ¼ À0.36, p ¼ 0.048), indicating that reduced GM volumes across the Figure 3 Visualization of GM regions, which are significantly smaller in healthy volunteers homozygous for the T-allele at rs1344706 (n ¼ 18) compared with healthy G-allele carriers (n ¼ 21; FDR-corrected po0.05; minimum of 100 contiguous voxels). All images depicted on the canonical MNI template provide in SPM5. Legends for region labels A-H are provided in the right-most column of Table 1 .
ZNF804A influences phenotypes T Lencz et al nine implicated regions were associated with longer times (poorer performance) on this test (Figure 4 ). By contrast, there was no significant correlation between the GM index and trails B performance, after correction for trails A performance (r ¼ 0.091, p ¼ 0.65). The absolute value of the correlations with other neurocognitive measures were all o0.1, and all p-values were 40.58.
Association With Neurocognitive Performance in Healthy Subjects
We next examined the effects of rs1344706 on trails A in the remaining cohort (ie, subjects without MRI data, who were therefore, not part of the analyses described immediately above). As shown in Figure 5 , there was a linear relationship between T-allele dosage and poorer performance, as indexed by longer times to complete the task. Linear regression, after controlling for the effects of age, indicated that this relationship was statistically significant, with allele dosage accounting for 3.5% of the variance in trails A times (b ¼ 0.188, t ¼ 2.25, p ¼ 0.026). Results were essentially identical when skewness of the dependent measure was reduced using log-transformation or square-root transformation, and when estimated IQ was added as a covariate. Slightly stronger associations between rs1344706 T-allele dosage and trails A performance were observed when the subjects with MRI data were also included in the analysis (b ¼ 0.190, t ¼ 2.52, p ¼ 0.013). No significant associations were observed to other neurocognitive domains in our battery (all p's40.12). Although trails A was selected for investigation a priori on the basis of its correlation with MRI volumes, it should be noted that the effect on trails A was modest and would only reach marginal significance (p ¼ 0.065) if strict Bonferroni correction were applied against all five domain scores in our neurocognitive battery.
DISCUSSION
To our knowledge, this is the first study to identify neuroanatomical and neurocognitive phenotypes associated with the rs1344706 polymorphism in ZNF804A. This SNP has emerged as an important risk candidate for SZ, with convergent support across two large GWAS studies (O'Donovan et al, 2008; International Schizophrenia Consortium, 2009 ) and independent replication samples (Riley et al, 2010; Williams et al, 2010) , including our small case-control study (Supplementary text). By examining intermediate phenotypes, our study provides evidence regarding the possible pathophysiological mechanisms underlying this susceptibility. Consistent with a previous fMRI study (Esslinger et al, 2009) , our data support the hypothesis that ZNF804A variation influences patterns of neural connectivity across a distributed network of brain regions, as evidenced by the altered WM volumes distributed across the entire brain. Although the direction of WM differences (greater volume in risk allele homozygotes) was unanticipated, it is consistent with a recent bioinformatic analysis (Riley et al, 2010) : in silico analysis predicted that the risk allele yields increased binding sites for two transcription factors implicated in the proliferation of oligodendrocytes. In our study, the association of genetic risk with increased WM volume is also consistent with previous reports of increased WM volume in first-degree relatives of patients with SZ (Marcelis et al, 2003) , and individuals with schizotypal personality disorder (Hazlett et al, 2008) . Studies of WM volumes in patients with SZ have yielded mixed results (Honea et al, 2005) ; although several studies have observed reduced WM volumes in SZ, these deficits may be highly focal Ueda et al, 2010) . Global reductions in WM that are sometimes observed in SZ may be a function of differential aging and medication effects (Bose et al, 2009; Bartzokis et al, 2009) , and are not observed in first-episode patients (Crespo-Facorro et al, 2009; Moriya et al, 2010) .
To our knowledge, this is also the first study to identify a genetic correlate of multiple brain regional GM volumes comprising the default mode network. Previous studies in the imaging genetics literature have focused on specific regional volumetrics, such as hippocampus (Szeszko et al, 2005) , or on specific localized circuits such as frontolimbic pathways (Pacheco et al, 2009) . Notably, several regions in which the risk allele is associated with reduced GM volumes in our analysis also show reduced activation in a fMRI study (Walter et al, 2010) . These regions include left angular 
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TT GT Figure 5 Relationship between rs1344706 genotype (G-allele homozygotes, n ¼ 22; G/T heterozygotes, n ¼ 67; T-allele homozygotes, n ¼ 47) and performance (time to completion) on trails A in healthy volunteers.
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T Lencz et al gyrus, left inferior frontal gyrus, and posterior cingulate, all of which comprise a part of the default mode network (Raichle et al, 2001) . The default mode network comprises regions that show synchronized activity at 'resting' baseline, in the absence of specific stimulation (Raichle et al, 2001) . Ongoing work has implicated this network in the development of selfreferential thought (Spreng and Grady, 2010) , which has been specifically implicated in the developmental psychopathology of SZ (Nelson et al, 2009) . Aberrant activity and functional connectivity across the default network regions (including posterior cingulate, parahippocampal gyrus, parietal cortex, and medial prefrontal cortex) have been repeatedly observed in patients with SZ (Kim et al, 2009) , and is similarly observed in the first-degree relatives of SZ patients (Whitfield-Gabrieli et al, 2009) . Structural abnormalities of these regions, as indexed by volumetric deficits, have also been shown to be heritable components of SZ in MRI studies of first-degree relatives (Seidman et al, 2003; Goldman et al, 2009) . Notably, the connectivity of this network is not observed in pre-adolescent children (Fair et al, 2008) , and its development is thought to coincide with the adolescent/early adulthood time period during which SZ onset typically occurs (Nelson et al, 2009) . Thus, ZNF804A variation may have a role in this SZ-related neurodevelopmental abnormality.
In our sample of healthy and cognitively normal individuals, the risk allele seems to impact timed neuromotor performance, as indexed by the trail making test (trails A). Neuroimaging studies have previously shown that visuomotor processing speed depends on WM integrity across large regions of the brain (Aukema et al, 2009; van Swieten et al, 1996) , and is more sensitive than many other cognitive assays to age-related decrements in widespread GM volumes (Coffey et al, 2001 ). Our observation that trails A performance was significantly correlated with regional GM volumes is consistent with this literature.
An important methodological consideration is that effect sizes for biological phenotypes, which may be more proximal to the effects of genetic variation at the molecular level, may be much larger than genetic effect sizes for psychiatric diagnosis. For example, in our study, variation at rs1344706 accounted for approximately 15% of the variation in total WM volume (after controlling for covariates). This is comparable to our previous study of BDNF genetic effects on hippocampal volumes, in which a single polymorphism accounted for 420% of the volumetric variance (Szeszko et al, 2005) ; this large effect size was also observed by independent groups studying the relationship of BDNF to hippocampal volumes (Pezawas et al, 2004; Bueller et al, 2006; Frodl et al, 2007) . Other results in the present study followed a predicted, descending order of effect sizes across phenotypes. In the neurocognitive analysis, T-allele dosage accounted for 3.5% of the variance in trails A performance. By contrast, rs1344706 effects accounted for o1% of the variance in SZ diagnosis, consistent with previous studies in psychiatric genetics (O'Donovan et al, 2008; International Schizophrenia Consortium, 2009; Riley et al, 2010; Allen et al, 2008) . Other phenotypes not examined in the present study (eg, gene expression, Riley et al, 2010) may be even more robust targets for analysis.
These large effect sizes for biological variables are counterbalanced by the fact that studies of extensive biological and clinical phenotypes cannot readily generate large sample sizes of the sort that are now common in GWAS studies of diagnostic categories. Our study used relatively small samples of healthy controls to examine effects on brain imaging and neurocognitive performance, and it is our hope that this report will stimulate the accumulation of additional data sets for future metaanalysis. This limitation of our study was partially offset by: (1) the usage of large-scale published GWAS data as a starting point for candidate gene identification and (2) the fact that a second, independent cohort was available for testing the neurocognitive phenotype that was associated with brain volumes in the initial MRI cohort. Nevertheless, these data reinforce the importance of efforts to collect large samples of healthy controls characterized across a range of brain structural and functional phenotypes. In particular, the present study and the previous fMRI study (Esslinger et al, 2009) , suggest that WM integrity, as measured by diffusion tensor imaging, may be an important endophenotype for future investigations of this gene.
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